The diagnostic performance of an enzyme-linked immunosorbent assay (ELISA) using purified BorrelUa burgdorferi flagella as test antigen was compared with that of a B. burgdorferi sonic extract ELISA. We tested sera from 200 healthy controls, 107 patients with erythema migrans (EM), 50 patients with acrodermatitis chronica atrophicans (ACA), and 98 patients with various dermatological disorders without clinical evidence of active Lyme borreliosis. The flagellum ELISA was significantly more sensitive than the sonic extract ELISA. With sera from patients with EM, the diagnostic sensitivity for immunoglobulin G (IgG) antibody detection increased from 11.2 to 35.5% (P < 0.001) and for IgM antibody detection it increased from 16.6 to 44.8% (P < 0.001). In the flagellum ELISA, the number of positive tests increased significantly (P < 0.005) when the duration of EM exceeded month, but still only about 50% of patients with longstanding (1 to 12 months) untreated EM were IgG seropositive. Concomitant general symptoms did not affect the antibody level, whereas patients with multiple erythema were more frequently seropositive. Ail sera from patients with EM which were positive in the sonic extract ELISA were also positive in the flagellum ELISA. Not only did the overall number of positive tests increase, but the flagellum ELISA yielded a significantly better quantitative discrimination between seropositive patients and controls (P < 0.002). IgG antibodies to the B. burgdorferi flagellum were found in all sera from patients with ACA, indicating persistence of an antiflagellum immune response in late stages of Lyme borreliosis. IgM reactivity in sera from patients with ACA was shown to be unspecific and the result of IgM rheumatoid factor. A rheumatoid factor was detected in sera from 32% of patients with ACA, compared with 7.5% of patients with EM. The improved diagnostic performance, the ease of standardization of the flagellum antigen, and the lack of strain variation make the B. burgdorferi flagellum a needed reference antigen for growing routine serology in Lyme borreliosis.
patients with multiple erythema were more frequently seropositive. Ail sera from patients with EM which were positive in the sonic extract ELISA were also positive in the flagellum ELISA. Not only did the overall number of positive tests increase, but the flagellum ELISA yielded a significantly better quantitative discrimination between seropositive patients and controls (P < 0.002). IgG antibodies to the B. burgdorferi flagellum were found in all sera from patients with ACA, indicating persistence of an antiflagellum immune response in late stages of Lyme borreliosis. IgM reactivity in sera from patients with ACA was shown to be unspecific and the result of IgM rheumatoid factor. A rheumatoid factor was detected in sera from 32% of patients with ACA, compared with 7.5% of patients with EM. The improved diagnostic performance, the ease of standardization of the flagellum antigen, and the lack of strain variation make the B. burgdorferi flagellum a needed reference antigen for growing routine serology in Lyme borreliosis.
Serological tests for antibodies to Borrelia burgdorferi have been available since 1982 (9) . The presently used tests, indirect immunofluorescence assay and enzyme-linked immunosorbent assay (ELISA), use whole cells or whole-cell sonic extracts as antigen. These tests are of limited diagnostic value in early disease, since they yield low diagnostic sensitivities. Only 10 to 40% of patients with erythema inigrans (EM) are reported to be seropositive (1, 3, 5, 10, (20) (21) (22) 26) . A low antigen load, a late and slow humoral immune response, and the quality of the test antigen used may be responsible. B. burgdorferi shares immunogenic antigens with many other bacteria, not only spirochetes (7, 14) . The inclusion of such cross-reactive antigens in the test antigen may be responsible for the low diagnostic specificity of the presently used tests. A single, immunodominant, and more specific Borrelia antigen should be used for a serodiagnostic assay. Several Western (immuno-) blotting (WB) studies have shown that the human immune response in Lyme borreliosis early and constantly recognizes the 41-kilodalton band corresponding to the flagellum (7, 11-13, 17, 25) . In a recent study, we showed that the use of purified B. burgdorferi flagellum as ELISA antigen significantly improved immunoglobulin G (IgG) and IgM serodiagnosis, especially in early cases of lymphocytic meningoradiculitis (Bannwarth's syndrome) (15) . (6) at 32°C to a cell density of 108/ml. The sonic extract antigen for ELISA was prepared as described previously (15) . The (Fig. 1) . Using a 95% specific upper limit in both tests, the diagnostic cutoff level could be lowered from 0.400 to 0.160 OD value in the flagellum assay. For IgM antibodies in healthy controls, there was no significant increase in specificity, since the 95% specific cutoff levels were 0.260 and 0.230 OD values, respectively (Fig. 2) .
The investigation of the Swedish control group consisting of patients with various dermatological disorders assured that the diagnostic 95% specific cutoff level in both assays based on the Danish control population was also representative and suitable when Swedish patients were studied ( Fig. 1 and 2) .
When IgG and IgM antibodies in sera from 107 EM patients were measured, the flagellum ELISA showed overall increases in diagnostic sensitivity from 11.2 to 35.5% (P < 0.001) for IgG and from 16.6 to 44.8% (P < 0.001) for IgM detection compared with the sonic extract ELISA (Table 1) . A separate evaluation of the 70 patients with an EM duration of less than 1 month and the 37 patients with an EM duration of more than 1 month revealed similar significant increases in diagnostic sensitivity of the IgG and IgM flagellum ELISA (P < 0.001) at both times. Not only did the overall number of positive results increase significantly, but so did the quantitative discrimination between controls and patients. This was the result of a generally higher signal obtained in the flagellum ELISA in addition to the lower cutoff level ( Fig. 3a  and b ). All sera that were reactive in the sonic extract ELISA were also reactive in the flagellum ELISA (Fig. 3) (Table 2) .
Fifty serum specimens from patients with ACA were tested. For IgG antibodies, the diagnostic sensitivities of the sonic extract and flagellum ELISA were identical, 98 and 100%, respectively. As in EM, the individual OD signal obtained was significantly higher in the IgG flagellum ELISA (Fig. 3c) . The number of IgM-seroreactive patients with ACA was reduced from 22 to 12% by the flagellum ELISA.
To IgM-reactive serum specimens from patients with EM showed an IgM RF, no absorption of the RF was done with these specimens.
DISCUSSION
In a previous study, the B. burgdorferi flagellum ELISA was shown to be clearly superior to a sonic extract ELISA in testing serum and cerebrospinal fluid samples from patients with lymphocytic meningoradiculitis (15) . A comparable increase in the diagnostic performance of the flagellum ELISA was found in the present investigation of sera from 107 patients with EM, the early and first-stage manifestation of Lyme borreliosis.
A main advantage of the purified antigen was a greatly increased specificity of the IgG ELISA, since the OD values in the control groups were significantly lower. When the diagnostic cutoff level was adjusted to be 95% specific, the gained specificity was converted into a marked increase in diagnostic sensitivity. The diagnostic specificity of the IgM flagellum ELISA was almost unaltered, whereas the diagnostic sensitivity increased significantly. The improved diagnostic performance of the flagellum ELISA compared with the sonic extract ELISA is most likely the result of the early and strong antibody response to the 41-kilodalton antigen recognized in several WB studies (7, 11-13, 17, 25) and the elimination of irrelevant crossreacting antigens which are contained in the whole-cell sonic extract. B. burgdorferi shares antigenic epitopes with other spirochetes (7, 15, 18) and (and this may be of more practical importance to serology) also with many remotely related and common bacteria, including the normal human flora. Such an antigen is the immunogenic 60-kilodalton protein of B. burgdorferi which recently was shown to be the widely cross-reacting common antigen (14) . This protein is soluble and is present in every sonic extract of B. burgdorferi.
A recent ELISA study (13) evaluated a sonic extract antigen versus a flagellum-enriched but not purified flagellum antigen preparation for ELISA. Possibly because of many residual antigens in the antigen preparation, no significant increase in the number of seropositive patients was found. In agreement with two previous studies (11, 15) , Grodzicki and Steere (13) noticed a clearly improved discrimination between controls and patients, since positive sera generally gave considerably higher OD signals when either the flagellum-enriched or purified flagellum antigen was used. This observation is of great importance, especially in growing routine serology, since borderline values in sonic extract ELISAs are frequent and difficult or impossible to interpret.
In patients with a disseminated infection, as in lymphocytic meningoradiculitis, the magnitude of the antibody response to B. burgdorferi is correlated with the duration of the disease (12, 15, 21, 23) . IgM titers show a maximum at 5 to 7 weeks after onset, whereas IgG titers increase gradually and are positive in almost every untreated case after 2 months (15). In EM, only the use of the flagellum ELISA showed a significant increase (P < 0.005) in the number of IgG-positive tests when the duration of an untreated EM 
:@ *. (19) .
On the basis of the present study of sera of patients with EM and ACA and a previous investigation of sera and cerebrospinal fluid of patients with lymphocytic meningoradiculitis (15), we conclude that the B. burgdorferi flagellum ELISA is for the time being the most sensitive and specific quantitative serological test. WB does not seem to be a practicable method for routine serology. Neither a single B.
burgdorferi-specific band nor a combination of such bands with a high diagnostic sensitivity that would allow the discrimination of specific and unspecific antibody reactivities has been identified (13, 17) . The flagellum ELISA is of particular value when the specific antibody level is low, as in many cases of EM and in the early secondary stage of Lyme borreliosis (15) . A low but specific antibody response is often missed by a sonic extract ELISA because it is hidden by the necessarily high cutoff level. The antigenic composition of a whole-cell sonic extract may vary considerably, depending on the strain and the preparation technique. The B. burgdorferi flagellum is easy to standardize as a test antigen. These properties make the B. burgdorferi flagellum a suitable and needed reference antigen for routine serodiagnosis in Lyme borreliosis.
